Abstract: Forest fires affect the natural cycle of the vegetation, and the structure and functioning of ecosystems. As a consequence of defoliation and vegetation mortality, surface energy flux patterns can suffer variations. Remote sensing techniques together with surface energy balance modeling offer the opportunity to explore these changes. In this paper we focus on a Mediterranean forest ecosystem. A fire event occurred in 2001 in Almodóvar del Pinar (Spain) affecting a pine and shrub area. A two-source energy balance approach was applied to a set of Landsat 5-TM and Landsat 7-EMT+ images to estimate the surface fluxes in the area. Three post-fire periods were analyzed, six, seven, nine, and 11 years after the fire event.
Introduction
The management of the water resources benefits from a good characterization of the hydrological processes. Particularly, the soil-vegetation-atmosphere energy exchanges are the basis of an accurate hydrological balance. Energy balance and evapotranspiration are altered by land cover changes that significantly affect canopy structure and leaf area index [1] .
Forest fires affect the landscape, the natural cycle of the vegetation, and the structure and functioning of ecosystems. Fires also modify the surface energy flux patterns and provoke changes in the local and regional meteorology as a consequence. Changes in the ecosystem structure and species composition modify the latent heat flux (LE), directly related to the actual evapotranspiration, and the rest of the terms involved in the energy balance equation. These changes in the local energy balance may persist for decades [2] with an impact depending also on the vegetation regenerating the burnt area.
Several works have summarized the effects of fire events on the energy exchange over different surfaces. For example, Amiro et al. [3] observed a decrease in LE several years following a disturbance in a boreal forest. However, not all works observe a significant decrease in LE, depending on fire intensity, succession rate, and vegetation type. Dore et al. [4] analyzed a burnt pine forest area revegetated by grassland. A slight decrease in LE was observed by these authors in the burnt area. Montes-Helu et al. [5] analyzed the effect of a fire event on the surface energy fluxes in a pine forest in Northern Arizona. Eddy-covariance measurements were used by these authors. Results showed important changes on the energy and water balance 10 years after burning [5] . Rocha et al. [6] analyzed the change on surface energy exchange and temperature in a burnt arctic tundra area using eddy covariance data. The analysis in [6] was operated along the three years following the fire event and at different burn severity gradients (severe and moderate). These authors observed higher latent heat fluxes in the burnt area, and no change in sensible heat flux during the first two years followed by lower values in the burnt area after the third year. In [1] Clark et al. analyzed the impact of land cover change on energy exchange and evapotranspiration from eddy covariance measurements. They analyzed a burnt area and also an area that had been defoliated by insects. Both effects reduce leaf area and evapotranspiration [1] .
As shown above, the majority of the literature discussing the effects of fires on surface fluxes is based on ground measurements. While there are numerous techniques, such as eddy-covariance, for collecting in situ measurements of the surface energy fluxes, the measurements are highly localized. Thus, capturing the spatial variability of the surface fluxes would require a high-density network of sensor systems, an approach that is impractical. Multi-temporal remote sensing techniques have been effectively employed to quantify patterns of variation in space and time, and then assess and monitor landscape changes in a rapid and cost-effective manner [7] [8] [9] [10] . Different surface variables and parameters can be extracted from the combination of the multi-spectral information contained in a satellite image, with a detail level dependent on the spatial resolution of the sensor used. Lentile et al. [7] includes a comprehensive bibliographic revision of works using remote sensing techniques to analyze post-fire effects on surface temperature, surface reflectance, vegetation consumption, vegetation mortality, etc. Since the 1980s, different techniques have been developed for data acquired from AVHRR, MODIS, SPOT, Landsat, or ASTER. Most of these works are based on the use of information on spectral changes due to burning. López and Caselles [8] demonstrated the usefulness of using a reference area, and studied the effect of fires on surface temperature and reflectivity values from Landsat TM images. Dí az-Delgado [9] analyzed the interactions between fire severity and plant regeneration after fire by means of NDVI measurements from Landsat TM and MSS images. Satellite remote sensing also allows the estimation of surface energy fluxes at regional scale. Sensors providing the high spatial resolution required to distinguish different fields or land uses within a scene have a poor revisit frequency. Furthermore, note that satellite remote sensing provides instantaneous information of the surface energy balance at the specific time of the sensor overpass. Daily estimates of the surface energy fluxes from these instantaneous data require further assumptions. Nevertheless, remote sensing techniques are convenient to carry out long-term studies covering large areas.
Very few works in the literature introduce the use of remote sensing techniques to study the effect of fires on the surface energy balance. Ha et al. [10] used the MODIS evapotranspiration (ET) product to monitor a burnt forest area over four years, and compared results with eddy covariance measurements. These authors concluded that MODIS ET estimates need to be improved through use of higher resolution products. Wang et al. [11] used a modified version of the Surface Energy Balance Algorithm for Land (SEBAL) to monitor vegetation ET changes between burnt and unburnt areas from two ASTER images. In this paper we move forward and show the potential of the combination between surface energy balance and medium-resolution remote sensing techniques to analyze the effects of land cover changes on the surface energy flux patterns.
Land surface temperature estimated from satellite images is a key input in the estimation of energy fluxes. Monteith [12] proposed a single source model to obtain the evapotranspiration, but the application of this model to partial canopy cover conditions has important limitations [13] . As an alternative, two-source (soil + vegetation) models have been developed to accommodate partial canopy cover conditions considering energy exchange between soil and canopy components [14] [15] [16] [17] . In this work we use the Simplified Two-Source Energy Balance (STSEB) model proposed by Sá nchez et al. [17, 18] . The STSEB approach has been tested under different surface conditions. Sá nchez et al. [19] showed its applicability at a regional scale using remote sensing and local meteorological data.
The aim of this paper is to study the evolution in the patterns of the principal terms of the surface energy balance after a fire event in a Mediterranean forest ecosystem, using remote sensing techniques. This is newness beyond the recurrent analysis of post-fire effects from satellite data focused on surface reflectivity and temperature values. A site located in Almodóvar del Pinar, Cuenca (Spain), was selected. This area was affected by a forest fire in the summer of 2001. This fire destroyed 172 ha of Maritime pine-holm oak mixed forest and shrubland. This area became an intensive study site after the fire. Satellite image information was used as inputs into a surface energy balance model to quantify the effect of this forest fire in terms of net radiation, soil and sensible heat fluxes, and latent heat flux in the two land cover classes dominant in the area, mature forest, and shrubland. With this aim, the STSEB model [17] was first applied to a set of Landsat 5-TM images corresponding to the period July 2007-July 2008 (6-7 years after the fire). A second set of Landsat 5-TM and 7-ETM+ images was analyzed for the summer of 2010 (nine years after the fire). The study was completed with a third set of Landsat 7-ETM+ images for the summer of 2012 (11 years after the fire).
Materials and Methods

Study Site and Data
The two study sites, forest and shrub areas, were situated in the adjacent locations of Almodóvar del Pinar and Campillo de Altobuey, respectively (Cuenca province, 1°51′W, 39°40′S, 1020 m amsl), in Southeastern Spain. This region has a Mediterranean climate, with warm dry summers, and cool winters.
The unburnt shrub area consists of an uneven aged coppice holm oak forest (Figure 1b) [20] . In the summer of 2001, a wildfire affected a total of 172 ha of which 113 ha corresponded to the forest pines and 59 ha to the coppice holm oak forest ( Figure 2 ). The main tree species in the post-fire community consisted of a very high density of sprouted Holmholm oak (>9000 standards· ha −1 ). This is a typical succession pattern of the Mediterranean region when the holm oak is present. Holm oak is a mature successional hardwood species that have adapted traits to fire-prone habitats. Therefore, post-fire communities usually show a high tree density which negatively influences the growth and increases the fire risk. Six years after the fire, the burnt stand was composed mainly by adult holm oak stools with a variable number of stems, with a maximum height of 2 m, which were grouped in big coppiced shrubs.
In addition to shrubs, such as Sideritis incana L., Thymus vulgaris L., Santolina chamaecyparissus L.
and Bupleurum fruticescens L. were also present ( Figure 1d ). The burnt forest area also included scattered pine saplings (max. 1 m of height). Nine years after the fire the density of pines at the burnt and unburnt forest areas were not significantly different ( Table 1) . As it occurs with holm oak, maritime pine has also adapted to fire-prone regions and has traits related to plant persistence under recurrent fires.
In particular, this species has serotinous cones that release seeds after the fire [21] . (4) 58 (7) 41 ( were used. Brightness temperatures were corrected from atmospheric and emissivity effects according to the methodology described in [19] . The atmospheric profiles required were obtained from the Atmospheric Correction Tool by Barsi et al. [24, 25] .
Methodology
The STSEB model is based on the Energy Balance Equation (EBE) of the land surface, which described a system formed by vegetation, soil beneath, and atmosphere:
where R n is the net radiation flux (W· m −2 ), G is the soil heat flux (W· m −2 ), H is the sensible heat flux (W· m −2 ), and LE is the latent heat flux (W· m −2 ) in the atmospheric boundary layer. In the approaches based on the EBE, LE is estimated as a residual from Equation (1). The instantaneous net radiation can be calculated by establishing a balance between the long-wave and the short-wave radiation:
where S and L sky are the solar global radiation (W· m −2 ) and the incident long-wave radiation (W· m −2 ), respectively. T R is the radiometric land surface temperature, α is the surface albedo, ε is the surface effective emissivity, and σ is the Stefan-Boltzmann constant. In this paper, α was integrated using the equation [26] 
where ρ i is the corrected reflectivity for the i band of TM or ETM+. A simple and operational equation proposed by Valor and Caselles [27] was used to estimate the surface emissivity from the knowledge of the fractional vegetation cover, P v , and the emissivities of the soil and canopy components, ε s and ε c , respectively:
Fractional vegetation cover was obtained though the methodology proposed by Valor and Caselles [28] , using the NDVI calculated from the reflectivity values in the red and near-infrared Landsat spectral bands.
The radiative transfer equation was used to calculate T R from the radiance, L , registered by the thermal band (10.4-12.5 µm) of TM and ETM+:
where B(T R ) is Planck's function for temperature T R , and L ↓ , L ↑ , and τ are the hemispheric downwelling sky radiance, the upwelling sky radiance, and the atmospheric transmisivity, respectively. The sensible heat flux in the STSEB is separated in two components: soil (H s ) and canopy (H c ), which are weighted by P v : [17] Finally, the instantaneous soil heat flux can be obtained as a fraction of the net radiation [15] :
Recommended values for C G typically range from 0.15 to 0.40 in the literature [15, 29, 30 ] depending on the soil type and moisture, principally. In this work we used a mean value of C G = 0.275 .
The estimation of the diurnal fluxes is based on the relationship between diurnal and instantaneous H and R n [31] :
where the subscripts i and d refer to instantaneous and daily fluxes, respectively. On a diurnal timescale, G can constitute an important contribution to the EBE [15, 21] . However, at a daily scale G can be neglected in Equation (1) [31] [32] [33] , and LE can be obtained from Equations (1) and (9) as:
Using Equation (10), LE d can be obtained from the instantaneous values of R n and H at a particular time of day, and the relative net radiation contribution at that time when global radiative exchange is integrated, R nd /R ni .
Results and Discussion
Assessment of the Control Areas
A comparison between control and fire-affected sites was conducted in order to assess the validity of these control spots as representative of the pre-fire conditions in the burnt sites. Spectral signatures and surface temperature from both sites were compared just before and after the fire on dates 8 June 2001 and 26 July 2001, respectively. Surface reflectivity values, from the six VNIR spectral bands in ETM+, were used for testing. Figure 3a, shows the spectral response of both sites prior the fire. Differences between control and fire affected areas are negligible. On the contrary, important differences are observed post-fire (Figure 3b) , with an increase in reflectivity for band seven (SWIR), and a decrease in band four (NIR), consequences of the vegetation disappearance. In terms of land surface temperature, differences before the fire between control and fire-affected sites were 1.3 ± 0.8 °C and −1.1 ± 1.1 °C for the forest and shrub sites, respectively. After the fire, these differences increased up to 12.8 ± 1.7 °C and 7.5 ± 1.3 °C for the forest and shrub sites, respectively. Figure 4 shows, as an example, maps generated from the 1 August 2012 image. Seven of the scenes available for the present study were concurrent with ground flux measurements. Results for these dates were compared with values registered in the Bowen and eddy-covariance stations located in the forest and forest_c sites, respectively (Table 2) These results are in agreement to previous assessments of the STSEB model under a variety of land uses and environmental conditions [17] [18] [19] . Sá nchez et al. [17, 18] conducted a detailed sensitivity analysis of the resultant fluxes to typical uncertainties in the STSEB inputs. These authors showed that meteorological variables are the main error source. T a shows the greatest impact on H, with sensitivity values around 20%-30%. Net radiation is mainly affected by S and L sky , showing sensitivity values of 10%-15%. As a result, uncertainties in LE outputs range 15%-30%. According to the methodology described above, horizontal homogeneity in the meteorological parameters is assumed for burnt and unburnt sites. As a consequence, model errors obtained in this local assessment (Table 2) produced by uncertainties in the meteorological variables tend to be minimized after computing burnt-unburnt differences. ), obtained from the L7-TM image corresponding to the date 1 August 2012. In this figure the SLC gaps have been filled, only for display purposes using the ENVI v4.7 Landsat Gapfill tool with the "single file gap triangulation" method selected. 
Comparison with Observed Fluxes
Analysis of the Fire Effect
Effects on Surface Parameters
Average values of the fluxes and principal inputs in the model were obtained for each one of the test sites and dates, 6-7, 9, and 11 years after the fire (Table 3) . Figure 5 shows the average values for albedo, NDVI, Pv, TR, and ra h . Based on the differences plotted in this figure, six years after the fire the shrubland almost recovers to its prior fire stage, in terms of most of the surface parameters. On the contrary, important differences in NDVI and Pv persist even 11 years after the fire in the forest area. A similar effect can be observed in terms of surface temperature (Figure 5b ). In the forest site TR values are, on average, 7 °C higher in the burnt area, whereas in the shrubs site, this difference is minimum ( ~1°C). Note this effect in surface temperature remains after 11 years. The change in the surface vegetation structure was parameterized through the aerodynamic resistance ra h plotted in Figure 5c . To account for the large variability of this parameter as a function of the wind speed, differences are shown in percentage relative to the absolute values obtained for each control site.
Average increments of about 140% and 80% are observed in ra h values of forest and shrubs areas, respectively, 6-7 years after the fire. These values reduce along the years, still reaching about 80% and 40% for forest and shrubs areas, respectively, after 12 years. Figure 6 shows the plots of the differences in terms of surface energy fluxes between estimated values for both the forest and shrub areas and their respective control sites. The increase in albedo and TR in the forest area produces a decrease in both shortwave and longwave net radiation, yielding an average net decrease in Rni of 54 ± 5 W· m ), is observed after nine years. These differences stay very similar 11 years after the fire. These variations might be produced by changes in the canopy structure of the area (see Figure 1 ). Daily LE increases as much as 22 ± 7 W· m −2 (~0.8 mm·d ay −1 ) after 11 years. Figure 7 shows the effect of the fire in a future scenario in which the burnt area has been naturally reforested and a mature Holm oak forest is occupying the area. With this aim, differences between the forest_c area and a selected area representative of the mature holm oak forest (Figure 1c ) are shown. Note that Rn remains very similar for the two forest types. However, compared to the period of 11 years after the fire event, differences in terms of G and H would be halved, at both instantaneous and daily scales. The effect in terms of LE is shown almost null for the future scenario, as a result of the similar reduction in both H and Rn. We might then conclude that the land cover change from pine to Holm oak does not have a significant long-term effect on the evapotranspiration, whereas net radiation and sensible heat flux will decrease in a similar quantity.
Effects on Energy Fluxes in the Forest Site
Effects on Energy Fluxes in the Future Scenario
Comparison with earlier literature is not easy due to the differences in the land covers burnt and the variety in land cover changes. Montes-Helu et al. [5] analyzed the change on energy fluxes 10 years after a fire event in a forest area naturally revegetated by grassland. In agreement with our findings, these authors observed an increased albedo resulting in a decrease of Rn. The seasonal analysis in [5] showed greater LE at the unburnt site between April and October. This is also in agreement with our results 6-7 years after the fire, but not so evident after nine or 11 years. Rocha et al. [6] studied the change on surface energy exchange and temperature in a burnt arctic tundra area along the three years following the fire event, attending to different burn severity gradients (severe and moderate). They observed a decreased albedo in the first two years after the fire event, the third year the albedo of the severely burnt and the unburnt areas were close, while in the moderately burnt area, the albedo was higher than in the unburnt area. Latent heat fluxes were also higher in burnt area, while sensible heat flux of burnt and unburnt areas were similar during the first two years, and in the third year it was lower in the burnt area. Most of the works in the literature dealing with similar analysis are based on ground measurements. However, these local measures show temporal and spatial limitations. Remote sensing allows the continuous monitoring of energy fluxes, covering large areas. Moreover, the vast Landsat archive allows these kinds of studies longer than 40 years back in time, which provides a unique opportunity to analyze the time evolution of the effect of fires on the surface energy fluxes.
Conclusions
An analysis of changes in surface energy fluxes after a fire event is conducted using remote sensing data. This forest fire occurred in a Mediterranean pine and shrub area. The burnt area was naturally reforested. Landsat TM and ETM+ imagery was used to retrieve the surface parameters required in the STSEB model to monitor the different terms of the energy balance equation. The comparison of the energy fluxes between the burnt site and three unburnt control sites (forest, shrubland and mature holm oak) showed that the shrub area regenerates after 6-7 years of the fire event; similar fluxes compared to the shrub control site were observed. In the forest area, the increased albedo and temperature, together with the decreased vegetation cover fraction, yield a drop in net radiation (54 ± 5 W· m . This trends change after nine years, and differences in sensible heat flux turn negative, resulting in a non-significant increase in latent heat flux. A future scenario is analyzed by comparison with an area of mature holm oak. Differences in surface energy fluxes diminish and, based on these findings, no significant long-term effect is expected on the evapotranspiration of a Mediterranean pine forest burnt and naturally reforested. This paper shows the potential of remote sensing techniques to analyze the effects of present and past land cover changes on the surface energy flux patterns, beyond the limited local information provided by ground measurements. 
